Experiments are performed to study the liquid film behavior and corresponding local heat transfer to shear-driven liquid film flow of water in the cocurrent nitrogen gas flow. The heated channel has a cross section of 30mm in width and 5mm in height, where the bottom is operated as a heating surface of 30mm in width and 100mm in length. The heated section is divided into segments to evaluate the local heat transfer coefficients. Under most gas Reynolds numbers, the local heat transfer coefficients are increased with increasing heat flux, where three mechanisms are important; (i) increase of areas along the three-phase interline around dried areas, (ii) rewetting of dried areas by the transverse liquid flow pushed by the generation of bubbles at the side edges of duct, (iii) microlayer evaporation during nucleate boiling in the film flow. The existence of duct corners makes the phenomena more unsteady and non-uniform in the transverse direction.
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EXPERIMENTS ON HEAT TRANSFER CHARACTERISTICS OF SHEAR-DRIVEN LIQUID FILM IN CO-CURRENT GAS FLOW
INTRODUCTION
The density of dissipated heat from semiconductors tends to increase by the progress in electronic technology. The technical improvement is required for the existing thermal management systems using convective air or liquid. In recent years, the cooling systems utilizing phase change attract much attention for the cooling of power electronics in addition to the small semiconductor chips. In nucleate boiling and two-phase forced convection, the formation or the consumption of liquid film underneath bubbles and around the vapor core flow, respectively, becomes a key factor which determines the limitation of heat transfer. In such systems, however, the distribution and the behavior of liquidvapor interface cannot be controlled directly to satisfy the various cooling requirements but indirectly through the dynamic behaviors of the vapor phase. For usual cooling systems by forced convection of liquid, the location of heat generation is separated from that of final heat dissipation. In the proposed system, behaviors of liquid film flow are regulated by the interfacial shear stress exerted by the vapor flow, where multiple cooling units are combined to obtain the desired vapor velocities. To study the interaction between the phases under variable combinations of flow rates independent of heat flux level, the sheardriven liquid film flow is realized by the co-current gas flow of the component different from that of liquid in the present study. The behavior and heat transfer in the liquid film e.g. liquid film falling down by gravity, evaporating meniscus and shear-driven liquid film have been investigated by a number of researchers. Kabov et al. (2002) investigated experimentally the heat transfer from a local heat source to a liquid film falling down by gravity along a vertical surface. Aqueous solution of 25% ethyl alcohol was used as a working fluid. Beyond the instability threshold, the existence of a thermocapillary counter flow produced a stagnation line of horseshoe shape at the upper edge, and the heat transfer was decreased with increasing film Reynolds number. Kabov and Chinnov (1997) investigated the same configuration by using a dielectric liquid, Perfluorine-triethyl-amine. The emergence of a horizontal wave was confirmed during the evaporation of subcooled liquid film at a threshold value of heat flux. At the downstream part of the wave, the film was divided into rivulets flowing down keeping certain horizontal distances. The distance was a function of liquid capillary constant and was depended weakly on the film Reynolds number. Lei et al. (2007 Lei et al. ( , 2008 Lei et al. ( and 2009 ) investigated the formation and development of quasi-stable film structures in laminar wavy falling films by using IR-thermography. The heating surface was made of copper, where the length and the width of heater were 70mm and 130mm, respectively. The test fluid was Polydimethylsiloxane. The results showed that waves along the transverse direction were appeared by Rayleigh-Taylor instability. They also investigated experimentally the development of thermal entry length and the heat transfer across laminar wavy falling films averaged over the entire heating length. They concluded that, at low Reynolds numbers, the thermal entry length agreed with the predicted ones by the correlation in the previous work and it deviated from the correlation with increasing Reynolds numbers and/or heat fluxes.
The heat transfer characteristics of a thin liquid film in a meniscus region are influenced by the capillary pressure and the disjoining pressure. Stephan et al. (1995) investigated a model describing the influence of capillary pressure on the evaporation of liquid film along a vertical plate. The numerical results were compared with the classical analytical solution by the Nusselt's film condensation theory. The deviation from the Nusselt theory became outstanding for thinner liquid film, which could be attributed to the ignored effect of capillary pressure on the distribution of the liquid film thickness. Wang et al. (2007) analytically investigated characteristics of heat and mass transfer from an evaporating meniscus in a two-dimensional micro-gap by using the extended Young-Laplace model and kinetic theory-based expression for mass transport across the liquid-vapor interface. The contribution of the thin-film to the heat transfer was decreased with increasing channel size and/or wall superheat, and the importance of meniscus for the heat transfer was confirmed. They concluded that the capillary pressure played an important role for the determination of liquid film distribution along the meniscus. Du and Zhao (2012) proposed a conjugated heat transfer model for micro channels taking account of the interaction between the evaporating thin film in the contact line region and the heat conduction in the solid wall. High heat flux was confirmed in a narrow region of the evaporating thin film and in the corresponding region of the wall resulting in the existence of local minimal value of wall temperature. The apparent value of contact angle in the conjugated heat transfer model was smaller than that predicted by the model with a constant substrate temperature. Both of the peak and the total heat flow rates obtained by the conjugated heat transfer model was larger than those by the model of constant substrate temperature. Park et al. (2003) proposed a mathematical model of the flow and heat transfer characteristics for a thin film region in a micro-channel taking account of the gradient of vapor pressure and capillary force. They discussed the effects of channel height, heat fluxes and slip boundary conditions at the solid-liquid interface. The results indicated that the shape of the thin film in a microchannel was influenced by the gradient of vapor pressure. They also concluded that with increasing heat fluxes the length and the maximum thickness of the thin film decreased exponentially and the local evaporating mass flux increased linearly. The decrease of the channel height had little effect on the shape and thickness of the film. In the case of the slip condition, the length and film thickness of the thin film were decreased compared with those of the no-slip condition, and the decreased film thickness caused the increase of capillary and disjoining pressures. Park and Lee (2003) also proposed a model of the heat and mass transfer for the evaporation across the meniscus region in a two-dimensional micro-capillary channel. In the thin film region, extremely larger values of local heat transfer coefficient were reported, while the heat transfer rate was smaller than that in the meniscus region. Ibrahem et al. (2010) experimentally investigated the local heat flow at the three-phase contact line using a micro-scale temperature measurement technique (Höhmann and Stephan, 2002) . The test section was composed of two vertical parallel flat plates to form a liquid-vapor meniscus due to capillary forces. The surface of inner wall was made by thin metallic foils employed as resistance heaters. The test fluid was HEF7100 evaporated between the plates under steady-state conditions. They observed two-dimensional microscale temperature fields on the back side of the heating foil by using an infrared camera with a spatial resolution of 14.8m × 14.8m. The local heat fluxes from the heater to the evaporating meniscus are calculated from the measured wall temperatures using an energy balance for each pixel element. The local heat fluxes at the contact line area were found to be about 5.4-6.5 times higher than the mean input heat fluxes at the foil. Kunkelmann et al. (2012) investigated experimentally and analytically the influence of three-phase contact line speed on the local heat transfer during the evaporation of the meniscus in the contact line region, where a peak of local heat transfer rate was observed. In the case of a receding contact line, the local peak was almost independent of its moving speed, while the heat transfer rate was significantly increased with increasing speed of advanced contact line.
Instability and rupture of liquid film causes the extension of dry patches and heat transfer crisis. Williams and Miles (1982) analyzed nonlinear effects on the liquid film rupture on a flat surface by using Navier-Stokes equations including a body force term describing the London-van-der-Waals dispersion forces. Ajaev et al. (2011 Ajaev et al. ( , 2012 investigated the stability and the breakup of a thin liquid film on a solid surface with grooves located at regular intervals which were filled by gas under the action of disjoining pressure. Their mathematical model took the effect of slip along the menisci separating the air entrapped in the grooves from the liquid film flow, the effect of the deformation of menisci due to local variations of pressure in the liquid film and the effect of the nonuniformities of the Hamaker constant into account. In the case of negligible variations of Hamaker constant, the effect of surface structure was destabilized compare to the results by the linear stability analysis for the flat plate. Numerical simulations in the strongly nonlinear regime indicated that the rupture time was decreased significantly due to the effect of grooves. They indicated the decrease of rupture time with increasing the ratio of the maximum and the minimum values of Hamaker constant.
Recently, the behavior and heat transfer characteristics of sheardriven liquid film in co-current gas flow have been investigated in detail. Liu and Kabov (2012) studied a two layer system consisting of a horizontal liquid layer contacting with its vapor. The Rayleigh instability and Marangoni instability were analyzed taking into account of the effects of buoyancy, thermocapillarity and interfacial shear forces and the evaporation of liquid. Kabov et al. (2007 Kabov et al. ( , 2011 investigated the flow of a locally heated liquid film moving under the shear force exerted by the gas flow. Water and FC72 were used as working liquids and air and nitrogen were used as gases. The critical heat flux by the formation of an initial stable dry patch in the liquid film was higher by several times than that for a vertical falling liquid film. The temperature distribution along the film surface was measured by the infrared scan. The thermocapillary tangential stress could exceed tangential shear stress caused by the friction of gas flow. Gatapova et al. (2003 Gatapova et al. ( , 2004 and Gatapova and Kabov (2008) studied a two-dimensional model of steady laminar film flow and co-current gas flow along a horizontal plane wall of the channel with a heat source. An analytical solution for the temperature distribution in the locally heated liquid film was obtained for the linear velocity profile. A liquid bump caused by the thermocapillary force was obtained just above the heated zone. Kabova et al. (2008 Kabova et al. ( , 2009 ) investigated the thin non-isothermal liquid film flowing down by gravity and co-current gas flow in an inclined minichannel. They developed 3D time-dependent mathematical model. The effect of gravity as well as the effect of gas velocity was studied to define the features of film dynamics. They found that the gravity force had a significant effect on the film deformation. At lower gravity, 3D liquid film pattern was changed in the transverse direction and the generation of a middle wave between two lateral waves was observed, where the speed of film deformation became higher and the time required for the stabilization of flow became longer compared to those at normal gravity. Independent of gravity level, the increase of heat flux resulted in the emergence of liquid film deformation. Cheverda et al. (2013) investigated gas shear-driven rivulet flows in a minichannel with a height of 1.4mm and a width of 30mm under the variation of gravity levels. They reported the reduction of rivulet width with decreasing gravity level and its increase with increasing gas and/or liquid flow rates. Lyulin and Kabov (2014) experimentally investigated the evaporation rates and gas-liquid interfacial behaviors for the horizontal evaporating liquid layer under the existence of the shear-stress exerted by the gas flow. The test fluids were HFE-7100 for the liquid layer and nitrogen gas. The area of a square liquid reservoir was 50mm×50mm, and its depth was varied from 1.5 to 8mm. The results indicated that, with increasing gas and liquid temperatures from 20 to 40C, the depth for the local maximum of evaporation rate was shifted from 3 to 5mm. At the maximum evaporation flow rate, a stable and uniform convective flow induced by the thermocapillary force in the direction opposite to the gas flow was observed in the liquid layer. Houshmand and Peles (2013) investigated the heat transfer characteristics of a liquid film flow in a horizontal rectangular microchannel with a 1mm × 1mm heater, where water is introduced from a 350m circular hole to the gas stream of nitrogen. Considerable improvement of the heat transfer was observed in despite of no appreciable change in pressure drop compared to that for water flow without gas. At high heat fluxes, the heat transfer was enhanced at the location before the rupture of liquid film.
In the present study, to investigate the heat transfer during the evaporation and boiling of liquid film, the behaviors of film flow is varied by the interfacial shear stress exerted by the gas flow under different heat flux levels. To extend the ranges of flow rates of both phases, the two-component system is studied, where the gas flow rate is adjusted independently from the rate of film flow. Figure 1 shows the test loop composed of pump, flow meter, pre-heater, test section, separator and heat exchanger for the cooling of test liquid. Distilled water and nitrogen are selected as liquid and gas phases, respectively. The nitrogen gas is introduced directly to the test section by a mass flow controller. The test loop is always exposed to the atmosphere at the vent valve to exhaust nitrogen gas and evaporated water vapor in the downstream of the test section, and only liquid water is circulated again. To evaluate the performance of heat transfer, the gas temperature at the inlet and the liquid temperatures at the inlet and the outlet of test section are measured by K-type thermocouples inserted in the loop. The pressure drop across the test section is measured by pressure transducers. Figure 2 shows the structure of test section assembled by an aluminum block with a heating surface, copper heating blocks, stainless steel flanges and a Pyrex glass plate for an observation window. The heated channel with a cross section of 30mm in width and 5mm in height is located horizontally. The top surface of the aluminum block is used as a heating surface with an area of 30mm in width and 100mm in length. Its bottom surface is contacted with copper heating blocks, where cartridge heaters are inserted at lower parts in order to supply heat flux by heat conduction. The heating assembly is divided into 10 segments along the flow direction as shown in the figure. They are thermally isolated each other by the gaps between the heated segments except the top part with a small thickness just beneath the heating surface. The segment structure makes possible the measurement of heat transfer data in the upstream location of the heating surface even under the conditions of dryout in the downstream by switching off a part of cartridge heaters. In addition, the evaluation of local heat transfer along the flow direction becomes possible. The liquid flow is introduced from the bottom of the test section by a nozzle of thin slit. The nozzle height hN is 1.0mm, whereas the overall height of the test section H is 5.0mm. In each segment of aluminum block, 3 thermocouples are inserted at the depths of 1.5mm, 7.5mm and 13.5mm from the heating surface to evaluate local heat fluxes and local surface temperatures from the temperature gradients. At the outlet, a guide plate concentrating liquid film flow is located to measure the mean liquid film temperature by using a thermocouple. Experiments are conducted under the atmospheric pressure. Gas flow rate is varied as a parameter keeping the liquid flow rate constant. The gas Reynolds number defined by the superficial gas velocity and the hydraulic diameter is varied from 0 to 3175, and the film Reynolds number is fixed at 27.6. Both temperatures of subcooled liquid and gas flow at the inlet of the test section is kept at 25C. For the detailed observation of liquid film flow, images of top view are recorded by using a high-speed video camera through the glass plate. Experimental conditions are shown in Table 1 . 
EXPERIMENTAL APPARATUS
DATA PROCESSING
A local heat transfer coefficient is defined by
where i: local heat transfer coefficient, qi: local heat flux, Tw,i: local surface temperature, Tl,i: local mean fluid temperature at each segment. The local heat fluxes and the local surface temperatures are evaluated from the linear approximation of temperatures indicated by three thermocouples inserted in the aluminum block at different depth. The local liquid temperature is evaluated by the following procedure. The heat loss from the liquid film to the gas flow at the unheated section located upstream of the heating surface cannot be negligible under the conditions of a large difference between the inlet temperatures of liquid film and gas flows. An unheated preliminary experiment is performed at the same inlet liquid and gas temperatures and gas and liquid film Reynolds numbers as those for the heated experiments. By the temperature gradient of liquid film along the flow direction obtained from the unheated experiment, the liquid film temperature at the 1st segment is evaluated during the heated experiments. On the other hand, the liquid film temperature at the 10th segment is equated to the temperature of liquid film at the outlet of the test section. The liquid film temperatures from the 2nd to 9th segments are evaluated by the linear interpolation of the temperatures at the 1st and 10th segments.
All of the measurement systems are carefully calibrated. The uncertainty in temperature is 0.25K, in pressure measurement 0.26kPa, in liquid flow rate 1% and in gas flow rate 1.2l/min even at the minimum experimental value of 20 l/min.
EXPERIMENTAL RESULTS AND DISCUSSION
Figures 3(a)- (c) show liquid film behaviors and its rupture for the different gas Reynolds numbers of 0 (no gas flow), 1270 and 3175 at the liquid inlet temperature 25C and heat flux 50kW/m 2 . In all experiments described here, the film Reynolds number is kept at 27.6. At gas Reynolds number 0, i.e. no shear stress on the surface of the liquid film flow, bubbles of dissolved air but not of evaporated vapor are observed along the heating surface. At gas Reynolds number 1270, the rupture of liquid film is initiated at the center of the transverse direction in the downstream of the heating surface. With increasing gas Reynolds number, the dried area is expanded toward the upstream (cf. Figs.3 (b) , (c) ). The rupture is promoted by two reasons. The increased interfacial shear stress exerted by the gas flow with higher velocity makes the liquid film thinner. In addition, toward the side edges of the duct by the formation of meniscus, the pressure difference between the gas and liquid is increased, i.e. the liquid pressure is decreased, and the liquid film is squeezed into the side edges. The dried area is initiated in the downstream because the liquid film thickness becomes thinner by the evaporation. Surface temperature distribution and local heat transfer coefficient at heat flux 50kW/m 2 are shown in Figs. 3(d) and (e), where the data for both of the 1st and the 10th segments are omitted because of larger heat losses to the flanges surrounding the heating surface. At gas Reynolds number 1270, the local heat transfer coefficient is larger than those for other gas Reynolds numbers in all segments because of the enhanced evaporation by the reduced liquid film thickness. At gas Reynolds numbers larger than 1270, heat transfer deterioration occurs owing to the excessive disappearance of liquid film promoting the large extension of dried area, where lower heat transfer coefficients are obtained for higher gas Reynolds number.
Figures 4(a)- (c) show liquid film behaviors at heat flux 150kW/m 2 . At gas Reynolds number 0, nucleate boiling occurs in the downstream, but no dried area is observed on the entire heating surface. At gas Reynolds number 1270, the liquid film rupture occurs and the dried area is observed for all segments of the heating surface. The oscillatory behaviors of the rewetting and drying in the transverse direction on the latter half part of the heating surface from 5th to 10th segment occurs along the following mechanism. The growth of bubbles due to nucleate boiling at the side edges of the heating surface, i.e. the side edges of the duct, pushes the liquid film towards the transverse direction and rewets the dried area extended in the center of the heating surface. At the instance of the rewetting, the evaporation is enhanced and the surface temperature is decreased resulting in the suppression of nucleate boiling at the side edges. Again a dried area is extended in the center of the heating surface increasing the surface temperature and nucleate boiling is initiated. With increasing gas Reynolds number, the iteration of drying and rewetting is still observed in the midstream of the heating surface. However, the liquid film flowing along the side edges of the heating surface is accelerated towards the downstream by the enhanced shear stress, and finally at gas Reynolds number 3175, the coalescence of squeezed liquid films from the side edges occurs. At the unheated section connected to the downstream edge of the heating surface, the extension of dried area is observed. This is because there is no force to push the liquid film towards the center of the heating surface under no generation of bubbles at the side edges of the duct. Figures 4(d) and (e) show surface temperature and local heat transfer coefficient respectively at heat flux 150kW/m 2 . The heat transfer coefficient for no gas flow is the highest because of no emergence of dried area on the entire heating surface. The heat transfer coefficient becomes larger along the flow direction with decreasing liquid film thickness. With gas flows, on the other hand, the heat transfer coefficients are smaller than the value without gas flow owing to the periodical emergence of dried area in the center of transverse direction. Also in this case, the decrease of film thickness due to the evaporation and increased gas flow rate containing the evaporated vapor increases the heat transfer coefficient along the flow direction. The heat transfer coefficient tends to decrease at higher gas Reynolds number by the excessive extension of the dried area.
Figures 5 . And also two dried areas emerge on the upstream part of the heating surface and on the downstream unheated section. With increasing gas Reynolds number up to 3175, the dried area on the heating surface are extended widely because of further reduction of liquid film thickness and enhancement of evaporation. The surface temperature distribution and local heat transfer coefficient are shown in Figs. 5(d) and (e). Without gas flow, the surface temperature in the upstream part of the heating surface becomes higher because of the boiling with smaller nucleation site densities in subcooled liquid. In the flow direction, the surface temperature decreases with increasing liquid temperature on the upstream part of the heating surface. On the other hand, at gas Reynolds numbers larger than 1270, the extension of dried area is already observed on the upstream part of the heating surface and the surface temperatures become higher at larger gas Reynolds number. The surface temperature is decreased in the flow direction due to the iteration of rewetting by the liquid film pushed towards transvers direction by the generation of bubbles at the side edges of the duct. In the midstream of the heating surface, the coalescence of liquid films from the side edges occurs and three-phase interlines disappear resulting in the slight increase of surface temperature independent of gas Reynolds numbers including the case of no gas flow. In the downstream of the heating surface, the liquid film covering the entire width of the heating surface becomes thinner due to the evaporation resulting in the acceleration of gas flow rate, and the surface temperatures decrease again. In the case of no gas flow, however, the surface temperature increases in the downstream of the heating surface, which seems to be caused by the emergence of small dried areas, however, not clearly observed. In despite of complicated behaviors of surface temperatures along the flow direction, the heat transfer coefficients increase almost monotonously towards the downstream for all gas Reynolds numbers including the case of no gas flow. The variation in the levels of heat transfer coefficient with Reynolds number is quite small compared with the case of 150kW/m 2 , which implies that the liquid-vapor behaviors are dominated not by the gas flow rate but by the elevated heat flux via the phenomena such as the extension of dried area, the generation of bubbles and the generation of vapor due to enhanced evaporation. Figures 6 (a) - (c) show the liquid film behaviors and corresponding values of local heat transfer coefficients under the combinations of gas Reynolds number and heat flux for the 2nd, 5th and 9th segments, respectively. The liquid film behaviors along the center line of the heating surface are classified into the following patterns, i.e. film flow without nucleate boiling (•) or with nucleate boiling (▲), oscillation of drying and rewetting ( ), rupture and extension of dried area without rewetting (○). For all of three locations, dryout accompanied by the temperature excursion (represented by white areas) was observed at heat flux larger than 300kW/m 2 and no heat transfer data was acquired. In Fig. 6(a) , (a-i) the film flow without rupture (•▲) is observed for either of no gas flow or of the lowest heat flux, where no interfacial shear stress or almost no evaporation to reduce the film thickness. (a-ii)Subcooled nucleate boiling (▲) starts at high heat flux under no gas flow and the rapture of liquid film (○) occurs at high gas Reynolds number under the smallest heat flux. (a-vi) Furthermore, lower gas Reynolds number or zero gas flow tends to increase the heat transfer coefficient, where the ratio of the area along three-phase interlines to the dried area becomes larger. In Fig.6(b) for 5th segment, (b-i) the film flow without rupture (•▲) is still observed for either of no gas flow or of the lowest heat flux. Because of the reduction of liquid subcooling from the value of 2nd segment, nucleate boiling (▲) starts at lower heat flux for no gas flow. (b-ii) Because the rupture of the liquid film extends from the downstream to the upstream on the heating surface with increasing heat flux, the rapture (○) occurs at lower gas Reynolds number at this location under the smallest heat flux. (b-iii) For the other combinations of gas Reynolds number and heat flux, with increasing heat flux up to CHF values, the rupture of liquid film (○) turns to the extension of dried area and its rewetting ( ) and finally to the liquid film flow without rupture but with nucleation of bubbles. The transition is realized by the liquid supply from the side edges of the duct by the nucleation of bubbles there. (b-iv) Heat transfer coefficients at 5th segment become larger than those at 2nd segment at the same heat flux level. The increase of heat transfer at high heat flux is caused by the enhanced nucleate boiling at smaller liquid subcooling. Beneath the bubbles, there are microlayers with liquid film thickness far smaller than the thickness of the film flowing in the duct. The trends (b-i)- (biv) are more emphasized at 9th segment by the further reduction of liquid subcooling or by zero subcooling, i.e. saturated, depending on the conditions.
CONCLUSIONS
To investigate the performance of cooling system by the evaporation of thin liquid film, the behaviors of liquid film and heat transfer characteristics of co-current gas and liquid film flow were studied experimentally by the independent control of both flow rates. Experiments were performed by using water and nitrogen gas under the atmospheric pressure. Liquid film Reynolds number was fixed at 27.6, while gas Reynolds number was varied from 0 to 3175. The heat flux was increased up to 300kW/m 2 . The followings were clarified. 1. Local heat transfer corresponding to the behaviors of liquid film especially of its rupture along the flow direction were clarified by the heating surface with the devised segment structure.
2. Liquid film behaviors along the center line of the heating surface were classified into four patterns; film flow without nucleate boiling or with nucleate boiling, iteration of drying and rewetting, rupture and extension of dried area without rewetting.
3. In low heat flux region, for all gas Reynolds numbers including the case of no gas flow, the local heat transfer coefficients were increased at higher heat flux because of larger extension of areas influenced by the three-phase interlines.
4. In high heat flux region, with increasing heat flux, local heat transfer coefficients were also increased not by the uniform reduction of liquid film thickness due to enhanced evaporation but by the iterated rewetting of dried area. The rewetting was promoted at higher heat flux where liquid supply from the side edges of duct was enhanced pushed by the bubble generation there. By further increase of heat flux results in nucleation of bubbles from the center of heating surface and the local heat transfer coefficients became higher by the evaporation of microlayer which was far thinner than the thickness of flowing liquid film.
5. For most combinations of gas Reynolds number and heat flux, local heat transfer coefficients were decreased with increasing gas Reynolds number because of the liquid film rupture and the extension of dried area by the excessive interfacial shear stress exerted by the gas flow.
It was clarified that the behaviors of liquid film and corresponding heat transfer were strongly influenced by the existence of duct corners and the phenomena became more unsteady or periodical and not uniform in the transverse direction perpendicular to the flow.
